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Summary

To understand the genetics of sleep apnea, we evaluated the relationship between the apnea hypopnea
index (AHI) and body mass index (BMI) through linkage analysis to identify genetic loci that may
influence AHI and BMI jointly and AHI independent of BMI.

Haseman-Elston sibling regression was conducted on AHI, AHI adjusted for BMI and BMI in
African-American and European-American pedigrees. A comparison of the magnitude of linkage
peaks was used to assess the relationship between AHI and BMI. In EAs, the strongest evidence for
linkage to AHI was on 6g23-25 and 10g24-g25, both decreasing after BMI adjustment, suggesting
loci with pleiotropic effects. Also, a promising area of linkage to AHI but not BMI was observed on
6p11-q11 near the orexin-2 receptor, suggesting BMI independent pathways. In AAs the strongest
evidence of linkage for AHI after adjusting for BMI was on chromosome 8p21.3 with linkage
increasing after BMI adjustment and on 8q24.1 with linkage decreasing after BMI adjustment. Novel
linkage peaks were also observed in AAs to both BMI and AHI on chromosome 13 near the
serotonin-2a receptor. These analyses suggest genetic loci for sleep apnea that operate both
independently of BMI and through BMl-related pathways.
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Introduction

Obstructive sleep apnea (OSA) is a complex disorder characterized by the repeated collapse
of the pharyngeal airway during sleep and is associated with snoring, frequent cortical arousals,
overnight hypoxemia and daytime hypersomnolence. The major defining metric of OSA is the
apnea hypopnea index (AHI) which averages the number of complete and partial airway
occlusions that occur hourly during sleep. With a 9 to 24% prevalence in U.S. adults for mild-
moderate cases (defined by an AHI > 5) and 2-9% for moderate cases (defined by an AHI >
15), OSA and its co-morbidities (obesity, hypertension, and diabetes) are a high public health
burden (Young et al. 2002). Increasing evidence suggests a genetic basis for OSA (Patel &
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Tishler 2007); however, it is unclear which genetic variants for OSA overlap those for obesity,
a factor associated with a 4 to 10 fold increased risk of OSA (Redline & Patel 2007).

Preliminary linkage analyses of OSA have been reported on individuals from the Cleveland
Family Study (CFS), a cohort of families selected with and without index cases of sleep apnea.
Given astrong association between the AHI and body mass index (BMI), linkage findings were
reported for each trait unadjusted and adjusted for the other trait (Palmer et al. 2003;Palmer et
al. 2004). Given the modest sample size analyzed and the overall absence of other published
linkage data for AHI, we have now included additional family members previously not
genotyped and additional new families to double the sample size. This type of analysis is called
a confirmation study, because new family members are added to existing families, thus
improving familial informativity for linkage with better estimates of allele sharing. Linkage
peaks are identified that are common to AHI and BMI, as well as those that are unique to each
trait.

The relationship between underlying quantitative trait loci (QTLs) for AHI and BMI was
explored through linkage analysis, identifying linkage peaks for AHI, AHI-adjusted for BMI,
and BMI. A comparison of the relative peak heights can provide insight into the potential
independence (coincident linkage) of two or more underlying QTLs or pleiotropic actions of
a single putative gene under each of these peaks. The simultaneous presence of linkage peaks
for both BMI and AHI (whether or not the one trait is adjusted for the other) may suggest that
an underlying QTL acts on both traits, reflecting pleiotropy. In addition, when adjusting a
phenotype for the other trait, such as AHI for BMI, results in no reduction in linkage evidence,
this can be interpreted as providing evidence for an underlying QTL acting uniquely on that
phenotype. Increased evidence for linkage may result when the covariate adjustment reduces
the residual error of the model and improves power to detect linkage in scenarios where an
underlying QTL for one trait (e.g., AHI) is not associated with the other trait (e.g., BMI)
(Schaid et al. 2003;Zeegers et al. 2004). The latter also may occur when there is heterogeneity
in the phenotype, and the adjusted trait reduces this heterogeneity.

The presence of a linkage peak for just one phenotype, such as for BMI in the absence of linkage
to the AHI, may suggest that the study is underpowered to detect linkage for the latter trait,
perhaps due to measurement error, inappropriate method of analysis, lack of sample size or,
more simply, the original BMI peak is a false positive. When one peak is substantially reduced
by adjustment for the other covariate, it is impossible to determine whether an underlying QTL
is acting uniquely on one trait, or whether the one trait operates in the causal pathway for the
other phenotype. For example, a decrease in the linkage peak for a model where AHI is adjusted
for BMI may occur when the genetic loci influences BMI, and BMI is in the causal pathway
for apnea development.

Cleveland Family Study

The CFS consists of 2534 individuals, of which 46% were African Americans (AAS),
representing 356 families studied on up to 4 occasions over a period of 16 years. Participants
were selected from either index or control families as described previously (Redline et al.
1995) and summarized in the online supplement.

Phenotyping—Phenotype exams before the year 2000 were conducted in the homes of study
participants, with AHI measured by overnight unattended limited channel polysomnography
(Edentrace; Eden Prairie, MN). Study visits after 2000 were conducted in a dedicated facility
with AHI determined by 14-channel attended overnight polysomnography (Compumedics E
series, Abottsville, AU). In a subsample of 169 study participants, it has been demonstrated
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that the AHI measured in this manner correlates closely with the AHI derived from the home
monitoring approach (intraclass correlation = 0.83) (Redline et al. 2003). Potential phenotypes
were obtained from longitudinal AHI measurements using mean, lowest, highest, as well as
other longitudinally derived indices. As a result, preliminary heritability analyses were
conducted to identify the phenotype that demonstrated the most consistent level of heritability.
Based on these analyses (online supplement), we used the lowest AHI as the sleep apnea
phenotype. BMI was defined as weight (kg) divided by height-squared (m?) and derived from
the same examination as the AHI.

Genotyping and pooling of data

Results

Genotyping data were previously obtained on 592 individuals by the Marshfield Mammalian
Genotyping Services with marker screening set 10 containing 375 autosomal microsatellites
with an average spacing of 9.1 cM. The results of the linkage scans of these data were previously
published (Palmer etal. 2003;Palmer et al. 2004). This analysis includes data from an additional
715 individuals who were later genotyped using Marshfield screening set 13 (including 382
autosomal microsatellites of a similar average spacing and average heterozygosity of 76.1%).
The combined data set consists of 634 individuals from 128 AA families and 641 individuals
from 109 European American (EA) families. Details related to combining data across the two
screening sets and error checking procedures are available in the online supplement.

The proportion of alleles shared identical by descent at each marker and at 2 cM intervals was
computed with GENIBD (S.A.G.E. 2006), assuming the Haldane mapping function, for use
in Haseman-Elston (HE) regression on the pooled sample. Estimates of the allele frequencies
were calculated by maximum likelihood using the FREQ program in S.A.G.E.

Statistical methods—Using SAS (v.9.13), the traits log(AHI +1) and BMI were adjusted
separately for the covariates age, age?, and age*sex. Additionally, AHI was adjusted for BMI
and non- linear functions of BMI (BMI, BMI2, (BMI)”2, BMI3, and log(BMI)) to fully remove
any relationship between AHI and BMI. . Residuals were analyzed with HE regression, using
a weighted average of the squared sib mean-corrected residual sum and the squared sib
difference, applying the best linear unbiased predictor for each sibship for the mean correction.
Both full and half sibling pairs were used in analyses of the AAs, while analyses of the EA
sample were limited to only full sibling pairs owing to the small number of half sibling pairs.
To calculate empirical p-values (pe), permutation testing on full siblings was conducted by
permuting up to 100,000 replicates within and across sibships of the same size for any nominal
p-value (p,) < 0.001.

Sample Characteristics

More AA individuals, but fewer EA individuals, were genotyped in the second genome scan
compared to the first genome scan (Table 1). The addition of new family members resulted in
larger families for linkage analysis, evidenced by the larger mean pedigree sizes in both races
for the pooled sample. Four hundred twenty-nine AA individuals contributed to the 273 full
sibling pairs and 135 half sibling pairs.

The sample characteristics are shown in Table 2. The AHI when untransformed was highly
skewed, ranging from no events to 134 events per hour in AAs. The mean BMI at the time of
the lowest measurement of AHI was 29.7. Approximately 50% of the AA sample was obese,
defined as a BMI > 30. Four hundred thirteen EA individuals were analyzed, providing 410
sibling pairs. The EAs were approximately the same ages as the AAs (33.3 years in EAs vs.
31.6 years in AAs) and had a slightly lower mean BMI.
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Linkage Results, European Americans

The highest linkage peaks for AHI adjusting only for age and sex were seen on chromosomes
1 at 46 cM (p,=0.0012; LOD=2.0), 6 at 162 cM (p,=<.00001; LOD=4.7), 10 at 122 cM
(pn=0.00019; LOD=2.7), and 19 at 35 cM (p,=.00155; LOD=1.9). Adjusting for BMI led to a
decrease in the significance of these linkage peaks: to p,=0.13085, for chromosome 1; p,=.09
for chromosome 6 (see Table 3); p,=0.01334 for chromosome 10; and p,= 0.02900 at 39 cM
for chromosome 19. None of these AHI peaks had concomitant BMI peaks (p < .001) (Figure
1). Empirical p-values and their LOD scores are presented for nominal p-values < 0.001 in
Table 3.

With BMI adjustment, including consideration of multiple BMI terms, additional evidence of
linkage was observed on chromosomes 6 and 11. For example, on chromosome 6 (80.4 cM)
the significance of the Haseman-Elston test statistic with supplementary BMI covariates
included increased to empirical p=0.00005 (LOD = 3.3), compared to AHI unadjusted for BMI
(pn = .04) or adjusted for only a single term of BMI (p,=0.00112; LOD=2.0). Similarly, on
chromosome 11 at 38 cM a marked increase in linkage evidence was observed after fully
adjusting for BMI (p,=0.00104 LOD=2.1) when adjusting for multiple terms of BMI instead
of just a single BMI term (p,=0.006; LOD=1.4) or unadjusted (p,=0.2). LOD scores for BMI
adjusting for age and sex did not exceed 2.0. However, adjusting BMI for AHI resulted in a
higher linkage peak on chromosome 17 at 74.6 cM (p,=.00159; LOD=1.9 increasing to
pn=0.00019; LOD=2.7).

Linkage Results, African Americans

Linkage peaks for AHI unadjusted for BMI were observed on chromosome 8 at 45 cM
(pn,=0.00082; LOD=2.2), 100 cM (p,=0.00688; LOD=1.31) and 140 cM (p,=0.00016;
LOD=2.8), chromosome 13 at 49 cM (p, = 0.00124; LOD=2.0) and the telomeric end of the
p-arm of chromosome 20 (p,=0.00001; LOD=3.9). Linear adjustment of AHI for BMI
decreased the evidence for linkage on chromosome 8 at 100 (p,=0.09547; LOD=0.4) and 140
cM (pr=0.0054; LOD=1.4), but not at 43 cM. At this site the linkage peak slightly increased
(pn=0.00036; LOD=2.5). Linkage evidence decreased slightly to p,=0.00054; LOD=2.3.
Increased significance with BMI adjustment was demonstrated at chromosome 18 at 126 cM
(pn=0.00003, LOD=3.5), and at chromosome 22 at 52 cM (p,=0.00072, LOD=2.2). Linkage
evidence on chromosome 13 decreased (p,=0.14) with BMI adjustment. Evidence for linkage
for AHI did not substantively change with inclusion of additional covariate terms for BMI
(squared and interaction terms) from that observed with a single linear term for BMI.

Age and sex adjusted BMI demonstrated the highest linkage peaks on chromosome 4 at 30 cM
(pn=0.00001; LOD=4.1), chromosome 5 at 88 cm (p,=0.00002; LOD=3.7), chromosome 8 at
100 cM (p,=0.00026; LOD=2.6), chromosome 10 at 139 cM (p,=0.00068; LOD=2.2), and
chromosome 14 at 94 ¢cM (p,=0.00003; LOD=3.5) (Figure 2). A peak for BMI was shifted 14
cM away from the AHI peak on chromosome 13 (p,=0.0018; LOD=1.8) at 35 cM. Adjusting
BMI for AHI resulted in increased evidence for linkage on chromosome 18 at ~ 40 cM from
pn= 0.00154 (LOD=1.9) to p,= 0.00033 (LOD=2.5).

Empirical p-values obtained by permutation testing of full sibling pairs alone (because it is not
possible to perform an appropriate permutation test for both types of sibs together) reduced the
evidence for linkage because of the loss of the information contained in the half-sibling pairs,
which comprise approximately 50% of the sample. Linkage to AHI, adjusted for age and sex,
nevertheless remained significant at the 0.001 level on chromosomes 8 (138 cM) and 20 (0
cM). Adjusting AHI for BMI increased evidence for linkage (p<.001) on chromosomes 8 at
44 cM, 18 at 132 cM, and 22 at 52 cM.
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Discussion

This analysis uses linkage techniques to tease apart genes for AHI that are independent from
BMI from genes that operate jointly for BMI by examining the relative magnitude of AHI
peaks before and after BMI adjustment and in the presence or absence of BMI linkage. In each
racial group, these analyses identified several linkage peaks that were unique to each trait, as
well as others that suggested underlying QTL likely to harbor variants common to both traits.
Table 4 summarizes the linkage peaks from this analysis (p< 0.001) and points to other genome-
wide association and linkage studies that offer similar results primarily for obesity traits, but
also website only results for AHI adjusted for BMI, found in publicly available Framingham
SNP Health Association Resource data (SHARe) on dbGAP (see
http://www.ncbi.nlm.nih.gov/projects/gap/cgibin/study.cgi?study _id=phs000007.v1.p1l
(Cupples et al. 2007)). Genes were identified if they fell within 10 cM each way of the linkage
peak, with the interval length based on a simulation study that found most linkage peaks to be
within a total 20 cM region of a true simulated disease locus (Cordell 2001).

In each race, several loci appeared to influence AHI but not BMI; i.e., a concomitant linkage
peak for BMI was not observed and/or evidence for linkage to AHI did not change, or increased,
after BMI adjustment. In this regard, an area of interest in EAs is on chromosome 6 at 72 cM
where a maximum lod score of 3.5 (for the fully BMI adjusted AHI trait) was observed.
Although the region on chromosome 6p11-6q11 likely harbors many genes, it includes the
gene for the hypocretin/orexin-2 receptor (HCRTR2/0OXR2), which is part of a biologic system
involved in appetite regulation, sleep/wake control, and the hypothalamic control of circulation
(Ehmke & Just 2003; Taylor & Samson 2003). HCRTR2/0OXR2 knockout mice show abnormal
regulation of sleep/wake transition similar to human narcolepsy (Willie et al. 2003). Sleep and
ventilatory phenotypes may interact, as evidenced by the findings from prepro-orexin knockout
mice, which demonstrate a sleep/wake dependent influence of orexin on the control of
breathing (Nakamura et al. 2007). Since orexin neurons also project to the dorsal raphe nuclei
and pre-Botzinger complex, areas in the brainstem that control ventilation(Peyron et al.
1998;Young et al. 2005) as well as to hypoglossal neurons (which innervate the major upper
airway dilator muscle)(Fung etal. 2001;Peever et al. 2003), it is plausible that orexins influence
propensity for sleep apnea through effects on ventilatory phenotypes and upper airway
neuromuscular function. Although the role of orexins in sleep apnea has not yet been defined,
OSA patients have been reported to have low levels of orexin A that improved upon initiation
of CPAP therapy (Sakurai et al. 2004;Sakurai et al. 2005).

The area in AAs that showed the strongest evidence for linkage for AHI independent of BMI
is on chromosome 8 at 44 cM. The LOD score increased from 2.0 to 2.4 after adjusting for
BMI. This genetic region represents a novel linkage peak, without known candidate genes
nearby.

A number of linkage peaks were also observed that appear to influence both AHI and BMI. In
AAs, linkage peaks for both AHI and BMI were observed on chromosome 13 near the serotonin
2a receptor (HTR2A). Although the linkage peaks did not reach the threshold of p < 0.001 for
inclusion in table 4, this gene is of particular interest given its putative roles in control of both
respiration and obesity. Furthermore, a meta-analysis of 37 BMI linkage studies identified this
region as one of few areas suggestive for linkage (Saunders et al. 2007). Because OSA resolves
completely during wakefulness, neurotransmitters that stimulate upper airway dilator muscles
during sleep are implicated (Kubin et al. 1998). Evidence exists of the importance of serotonin
in the role of sleep/wake control of airway patency (Veasey 2003). The pharmacology of

serotonin involves multiple receptor subtypes, including HTR2A, which can cause direct

excitatory effects on the control of respiration. Reductions in serotonin activation of the dilator
motor neurons of the airway are believed to occur during sleep, contributing to the loss of upper
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airway patency and obstructive episodes. Abnormalities in brainstem serotonin activity also
have been demonstrated in immunopathological studies of victims of sudden infant death
syndrome (Kinney 2005), which may occur as a result of failed ventilatory protective responses
in young and stressed infants and which may co-aggregate with OSA (Tishler et al. 1996).
Moreover, in animal models microperfusion of serotonin into the hypoglossal area enhances
Non-REM airway dilator muscle activity, which is usually reduced in sleep (Jelev et al.
2001). Two association analyses have examined the functional variants of the HTR2A receptor
and OSA with conflicting results (Bayazit et al. 2006;Sakai et al. 2005). In AY mice (dominant
for ectopic expression of agouti protein), obesity is associated with increased HTR2A mRNA
gene expression over that in wild-type mice, while pharmacologic inactivation of HTR2A
decreases overeating and weight gain (Nonogaki et al. 2006).

In several chromosomal regions, it is unclear whether the linkage signals represent QTLs that
are unique to or pleiotropic for AHI and BMI. In EAs, the telomeric end of the q arm of
chromosome 6 shows strong evidence for linkage to AHI that is reduced after adjusting for
BMI (LOD=4.7 decreasing to 0.4). This reduction in the linkage peak may suggest that a
putative QTL is not acting independently of BMI, despite the lack of linkage evidence for BMI.
The Framingham 100K SHARe reported a significant association between rs4869783 and AHI
adjusted for BMI in this chromosome 6q region as well p=9.4*107% (Cupples et al. 2007)
Region 17q also suggests actions due to pleiotropic QTL in EA. While ACE was listed as a
candidate gene in table 4, there was no significant association between the ACE polymorphism
and AHI or BMI in the Cleveland Family Study (Patel et al. 2007).

Particularly in AAs, there appear to be several strong linkage peaks for BMI on 4p15.3-15.2,
5q13-15, 10g24-25 and 14g23.The peaks decreased upon adjustment for AHI, suggesting that
candidate genes in these areas may also influence AHI or that the BMI peaks represent false
positive findings. Candidate genes identified from the 2005 obesity map (Rankinen et al.
2006) and other association studies are listed in table 4, although not all of the associations
have been replicated in other studies. . Linkage peaks observed on the tail ends of chromosome
18 and 20 are noteworthy; however, the absence of flanking markers limits the ability to
accurately estimate multipoint IBD allele sharing.

Because genotyping data of individuals from overlapping families were combined into one
analysis, the results of the study could not be analyzed as a separate replication study of the
initial published scans (Palmer et al. 2003;Palmer et al. 2004). Although the published results
used different AHI measurements and different analytic techniques, there are some important
consistencies. In AAs, the peak at 104 cM on chromosome 8p12-8p11.2 for BMI retained the
same relative magnitude, approximately LOD=2.5, but in the current linkage analysis there is
now an additional modest peak for AHI. This is consistent with a pleiotropic QTL for both
BMI and AHI, the first genome scan being underpowered to detect the genetic effect on AHI.
Adjusting each trait for the other reduced the magnitude of the linkage peak, further supporting
the hypothesis of pleiotropy. Evidence for linkage to BMI alone, in the absence of linkage to
AHI, remained consistent between the first genome and the pooled genome scan for the region
2035-2937.1. The linkage signal at 14p12 (12 cM) in the first genome scan for AHI adjusted
for BMI was also strengthened with the larger sample, from LOD=.05 to LOD=2.1.

Other areas identified on the initial scan were not confirmed using a larger pooled sample. The
relatively modest size of the linkage peaks in the first genome scan may not have represented
true linkage. Alternatively, if the added families were heterogeneous with respect to disease,
it is possible that this could cause the loss of evidence for linkage as the sample size was
increased. In particular, as compared with the first genome scan, the second genome scan
included a larger proportion of EA families recruited through individuals without known sleep
apnea rather than through probands with laboratory diagnosed sleep apnea. The addition of
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these families to the pooled dataset may have diluted the QTL effects observed in several areas,
including the initial area on chromosome 2 near the pro-opio-melanocortin gene, and the area
on chromosome 19 at 70 cM near the Apolipoprotein E (APOE) gene. We suggest this based
on an additional fine-mapping study of 9 microsatellites (average spacing: 2 cM) localized to
the APOE region in which increased evidence was found for linkage to AHI adjusted for BMI,
suggesting that the region is not a false positive, although APOE was excluded as a causative
locus (Larkin et al. 2006). This seemingly contradictory finding highlights the fact that genetic
heterogeneity can reduce power to detect genes in linkage and candidate gene studies.

In the original genome scan on EAs, a very modest peak for BMI on chromosome 10023-g24
at 118 cM was observed (LOD=1.87) that dropped to 0.60 after adjusting for AHI, in the
absence of a linkage peak for AHI (Palmer et al. 2003), while the current analyses show stronger
evidence in this region to AHI. Two candidate genes there are in tight linkage disequilibrium,
ADRBL1 and ADRA2A (Hoehe et al. 1995), for which there is evidence of co-regulation and
crosstalk in tissues where they are expressed together (Xu et al. 2003). There have been
conflicting studies on the relationship between the Arg-389-Gly allele of the ADRB1 gene and
measures of adiposity, (Dionne et al. 2002;ElIsworth et al. 2005;Linne et al. 2005;Rasmussen
et al. 2005;Ryden et al. 2001;Terra et al. 2005).

A limitation of this study and many genetic studies is the lack of agreement between results
for EAs and AAs. A measure of average marker information content for siblings, defined by
Kruglyak and Lander in 1995 (54% EA vs. 55% AA) (Kruglyak & Lander 1995), does not
explain the lack of concordance observed in the results. Likely explanations include: genetic
heterogeneity of disease, differences in QTL allele frequency, population specific gene by
environment interactions, or different phenotypic presentation of disease, particularly sleep
apnea. Also, several genome-wide association studies of obesity have identified genes that
were not observed in this study, including fat mass and obesity associated (FTO), insulin
induced gene 2 (INSIG2), melanocortin 4 receptor (MC4R), catenin B-like 1 CTNNBL1 and
phosphofructokinase, platelet (PFKP) (Herbert et al. 2006;Hinney et al. 2007;Liu et al.
2008;Loos et al. 2008;Scuteri et al. 2007).

In summary, our analyses highlight the potential utility of jointly analyzing an outcome (e.g.,
AHI) and amajor risk factor (e.g., BMI) as initial steps in dissecting genetic pathways important
for each trait. For most linkage peaks, adjusting AHI for BMI, and vice versa, resulted in
decreased linkage peaks, pointing to scenarios where it was not possible to tease apart AHI
from BMI. However, other analyses identified areas where linkage evidence increased
following adjusting AHI for BMI, pointing to areas where putative genes may influence one
trait independently of the other. The current linkage results, which represent the largest study
to date of linkage for sleep apnea, indicate several promising areas to pursue for further
understanding the genetics of OSA, including the region on chromosome 6, which harbors the
orexin-2 receptor, a gene well recognized for its role in animal models of narcolepsy in EAs.
In AAs, evidence suggests the presence of a QTL for AHI on chromosome 13, where there is
a candidate gene for serotonin receptor 2a that may influence both obesity and OSA. However,
these observations will require additional corroborating or replicating evidence, including fine
mapping and candidate gene association studies, as well as use of appropriate animal models
to further identify genetic control of these complex phenotypes. All linkage areas harbor many
other genes as well, and it is possible that genetic association studies will implicate additional
genes in these as well as other areas. Use of linkage findings, such as these, may be used is
such future genetic association studies to help weight the significance of association tests
(Chen & Witte 2007).
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Figure 1.

Haseman-Elston Regression of AHI and BMI in European Americans. Black solid line: AHI
adjusted for age, age?, sex, and age*sex, black dotted: AHI adjusted for age, age?, sex, age*sex,
and multiple terms of BMI; gray solid line: BMI adjusted for age, age?, sex, and age*sex; gray
dotted: BMI adjusted for age, age?, sex, age*sex, and AHI

Ann Hum Genet. Author manuscript; available in PMC 2009 November 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

LARKIN et al.

Pp

Pp

Pp

PP

PP

PP

chromosome=1

chromosome=2

chromosome=3

chromosome=4

Page 15

chromosome=10

LOD=4 LOD=4
LOD=3 LOD=3
LoD=2 | & LOD=2
A LOD=1 LOD=1
3 AM!
0 100 200 300 300
oM
chromosome=5 chromosome=6 chromosome=7 chromosome=8
LOD=4 LOD=4 LOD=4 LOD=4
LOD=3 LOD=3 LOD=3

chromosome=11

0 20 40 6
™M
chromosome=12

80 10 20 W0 160 180

0 20 40 60 80 10 ©0 ¥0 €0 B0
oM
chromosome=13

chromosome=14

LOD=4
LOD=3
LOD=2
LOD=1

0 20 40 6 8 10 20 WO 160

chromosome=15

Pp

chromosome=16

PP

LOD=4
LOD=3
LOD=2

LOD=1

PP

LOD=4
LOD=3

LOD=2

LOD=1

Figure 2.
Haseman-Elston Regression of AHI and BMI in African Americans. Black solid line: AHI
adjusted for age, age?, sex, and age*sex; black dotted: AHI adjusted for age, age?, sex, age*sex,
and BMI; gray solid line: BMI adjusted for age, age?, sex, and age*sex; gray dotted: BMI
adjusted for age, age?, sex, age*sex, and AHI
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Table 2

Characteristics of individuals included in Haseman-Elston regression
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African Americans

European Americans

Value Range Value Range
AHI,geometric mean, (SD) 5.5(3.5) 4.5 (3.4)
Untransformed
AHI, median, (IQR*) 3.1(1.0-11.8) 0-133.8 1.9 (0.8,9.5) 0-174.8
Age (y), mean (SD) 31.6 (17.1) 2.6-80.5 33.3(18.2)) 3.1-836
BMI (kg/m2), mean (SD) 29.7 (9.3) 12.7-61.6 27.8(8.4) 13.8-62.5

*
IQR = Interquartile Range

Ann Hum Genet. Author manuscript; available in PMC 2009 November 1.



Page 18

LARKIN et al.

1ING 0 swas) ajdnnw = (G)INE xx
(@01 Buipuodsalaod)

(2 L) @) (6'1) ()]
- - - 9L LT
120000 670000 T€ZE00 65T00°0 15981°0
€) (2°0) (r'2) (L2
- 9209€°0 - - €81T 0T
GSTIET0 S76€0°0 050000 020000
(z0) (°0) (L€) Ly
- LYVELO - - 291 9
YTELTO 76600 200000 2000000
(2°0) (e€) (5¢) (9°0)
- LTEE00 - - 708 9
LTEE00 500000 €0000°0 256700
anfea-d anfen-d anjen-d anjen-d anjen-d anjea-d anjea-d anfen-d
NO 4D
leoudwg JeuIwoN lesudwg [eulWwoN [eoudwg [eulwoN leoudwig JeuIWwoN
IHV 4o} paisnlpy (S)1Ag 104 parsnipe

INgG

INg

IHV

700" > sanjeA-d [eulwou YIIMm 190] 10 pale|ndfed ‘sy3 Ul [INg pue |HY 4o} sanjea-d [earidw3

NIH-PA Author Manuscript

€9lqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Ann Hum Genet. Author manuscript; available in PMC 2009 November 1.



Page 19

LARKIN et al.

T wJojosi 101dsdal suowioy Buneinwins pIoJAyl = YHS1 ‘T Bulurejuoo
urewop €HS pue u1gaos = TSgHOS T aseuny pare|nfial p1021140200n|6;wnias = YOS ‘0T 101eA110e0d A 101dada. paleAlloe-1o1edsijold swosixodad = YIDOHVdd ‘0 101dadad pareAlloe
-J107ea8)1104d swosIxo4ad = Yy dd ‘abexul] ola1sweaeduou = TTdN ‘abexul| Jo Sppo ay3 Jo wypaeho] wnwixew = SA (T 103dsdad suowoy Buireaiusouod-uluejsw = TYHIN ‘asedi|

utayoadodi] = 1477 ‘ebexuil Jo sppo ayl Jo wyirebol = O ‘ewAzus Buipeabap-ulnsul = 3| ‘gt 401dadad (Uluoloaas) aulwerdAulAxoapAy-g = gt L H ‘abexul] Jo sppo ay) Jo wyylaehol

A18UaboualeH = AOTH ‘g 401da0aa une1o0dAy = 24 1 HDH ‘paleldosse A11sago pue ssew e} =01 4 ‘Z 101dadaJ 10198} Yimouh 1sejqoaqly =z4494 T 4101dadau Jo01oe) yimoaBb 1sejqoaqiy
=TH494 {1581 uoneId0sse paseq Ajlwey = | g4 ‘T 4103dadal uaboaiss = THST ‘T 401d82a4 suowoy Buises|al uidoalod1aod = THHYD (401dadad v UIuI0IsAI8|0yd =M DD ‘apndadoadaid
18VD =1 HVD ‘xapul ssew Apoq = |ING ‘xapul eaudodAy eaude = |HY ‘4101dada. T ‘01b1suaipe = TgHAYV ‘101dadal z-» ‘d1fisualpe =yzZvday ‘dwAzua Builisauod | uisualolbue = 30y

(900z Ayn@) dew pareabisyul ue Buisn parejodaalul aam suebiownnua)

'8s 4ad ‘syrea1 parejaJ A11sago 01 Jaja4 sauab ayepipued asimiaylo ‘adAjousyd esude desjs 10} pazisaylodAy SINS / sauab ayepipued saledipul pjog

(800°0>d 1ING 7002 "[e 18 J8181Q) M9S (0'T=A0™7) ‘5002 "|e 18 UBYD €006¢V LY evl Szb-v2hot
ZTOTZVLVD orT T'vzbs
Td494 (5-01«6L'€ =d IHV 32002 '[e 18 581ddnD) _ G/9¥0S0TSA (6'T=1dN) '5002 "fe 3 Buoq 1088V1VO ot T'gghg
- . . (0'2=A01H) .
(c0'=d ‘1N :T00C '[B 12 Bl1210D) 1] 2002 ‘[E 19 SU0IS SIALZTVINAY 34 €Teds
(7£0°=d 1IN 12002 '[e 18 BpeweA) 1YV AN LA\ AR) 88 y1bg
. . . . (2'2=a01H)
(900°0=d 1IN :2002 '[e 10 Joneqies3) :g0'=d IINg 2002 ¢ 19 U0IS
'G00 ‘e 18 pewelelyld) VI0949Vdd T030LVLVO rAS £'sTdy
(€00°0=d o . .
unda ‘g0'=d [INg :000Z ‘[e 10 1USOYeUNd) ¥vXDD (§7=007) 'vo0z ‘fe 3 ehiv
SUBRILIBWY URDLIY
(50°0>d As8qo 5002 :S00Z " 18 Jawely]) 3OV (8'2=S1N)
N6026VV LV SL TehiT
(€800°0=d NG :¥00Z "1e 18 SIIBYD) THHYD ‘G002 "[e 18 SLUION
(800°0=d 1IN'G :700T "I 13 UB[|IN UeS) TSEH0S
60VYIV.LYO LT ¥2bot
(2900°=d 1IN 7002 "[e 18 ND) 3AI
(9-0T«v'6 =d IHV :2002 ‘[e 18 (1€=a0)
s9|ddno) ., £8L698751 (T00"=d 1IN :2002 "2 38 X04) IA ‘2002 ‘2002 "I 18 POOMIY
SOZZYZNAY 297 9zbg
(so>d ‘inga (9T=STIN)
1,002 "B 39 X04 ‘720°=d 1ING ‘G002 ‘[e 38 INSUeN) THST ‘2002 '[e 19 esolaS
(T00'=d NG WnwiuIW TEOZ ‘18 18 UeNAST) GTH1IH
ZH.1LHOH - 20ay9v.LVO 8 €Tb-TTbY
(9-0T«T'5 = d 1vad N9 12002 |8 18 X0d) TVTZ 10D
suedllsWY
ueadoing
SauU”9) ajeplIpue) *x.mw_csum uoI1eId0SSY pPaysijgqnd 1INgG 10} 18| JRIA 158JB8N *WNO :o_mww_

pazisaylodAH J8y10

saIpms abexui pausiignd

syjead afexul| paAIasqo J0 N9 0T UIyim sauab ayepipued pue syead abexul] pajesrjdal jo Arewwing
¥ 9l|qel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Ann Hum Genet. Author manuscript; available in PMC 2009 November 1.



Page 20

LARKIN et al.

AJUO 3)ISgaM dYQp UO d|qe|IeA. Blep
¥

T wJojosi 101dsoaa suowioy Buneinwins pIoJAyl = YHS1 ‘T Bulurejuoo
urewop €HS pue u1gaos = TSgHOS T aseuny pare|nfial p1021140200n|6;wnias = YOS ‘0T 101eA110e0d A 101dada. paleAlIoe-1o1edssijold swosixodad = YIDOHVdd ‘0 101dadad pareAlloe
-J103ea8)1104d swosIxo4ad = Yy dd ‘abexul] ol1sweaeduou = TTdN ‘abexul| Jo Sppo ay3 Jo wypaeho] wnwixew = SA ‘T 103dsdad suowoy Buireaiusouod-uluejsw = TYHI ‘asedi|

uiayoadodi] = 147 ‘ebexuil Jo sppo ayl Jo wyirebol = O ‘ewAzus Buipeabap-ulnsul = 3| ‘gt 401dadad (Uluolodas) aulwerdAulAxoapAy-g = gTH L H ‘abexul] Jo sppo ay) Jo wyylaehol

ANsuabolslsH = AOTH ‘g 401da0aa une10dAy = 24 1 HDH ‘paleldosse A11sago pue ssew e} =01 4 ‘Z 101da2aJ 10198} Yimouh 1sejqoiqly =z4494 T 4101dadau Jo1oey yimoaB 1sejqoaqiy
=TH494 {1581 uoneIdosse paseq Ajlwey = | g4 ‘T 4103daoal uaboaiss = THST ‘T 401d82a4 suowoy Buises|al uidoalod1a0d = THHYD (401dadad v UIU0ISAI8|0yd =M DD ‘apndadoadaid
18VD =1 HVD ‘xapul ssew Apoq = |ING ‘xapul eaudodAy eaude = |HY ‘4101daoal T ‘01b1suaipe = TgHAYV ‘101dadal z-» ‘d1fisualpe =z day ‘dwAzua Builisauod | uisualolbue = 30y

(900z Alyn@) dew pareabisyul ue Buisn parejodaalul aam suebiownnua)

"85 4ad ‘syrea1 parejaJ A11sago 01 JajaJ sauab ayepipued asimiaylo ‘adAjousyd esude des)s 104 pazisaylodAy SINS / sauab ayepipued saledipul pjog

(€z0'=d 1N g €00 "|e 18 8s509) YV dd

- 9eT.1N zs eThzz
(900=d Ausaqo :500z |2 18 |139) THHOW

- - SAXLL0NAY 4 Z'11doz
- - 117310812 GeT eebgt
(7-0Tx8€'T=d AS800 :2002 "[e 18 ABUUIH) YHS L (z'z=a0m) ‘200z 'fe 1 N\ LOVEBTV.LVYD 6 TebyT

(50°0=d 1N g :2002 ‘1€ 13 ewi (0'z=ao0)

‘500 > d uomisodap Jey :200Z "[e 18 dUBIRD) YZVHAY ‘v00Z " 18 JauinL

(zo=d NG 2002 "Te 19 BwIT $00°0=d 1va4 INgG - . .

cu49d 4002 'Te 12 X04 ‘50°=d I ‘5002 '[E 19 8UUIT) TEIAY (§'2=007) Y00z '[212 I1°8

SeU3D) arepIpued ., S2IPMS UoneIoossy pausiiang 1Ng Joy ORI 158N «IND uoifey

pazisayrodAH 18430 sa1pms afexulT paystiand

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Ann Hum Genet. Author manuscript; available in PMC 2009 November 1.



